Clines of biological variation result from variation in physical environmental conditions. We report new reproductive data for a population of antelope ground squirrels, Ammospermophilus leucurus, at the northern geographic limit of this species. We then analyze reproductive patterns at 3 sites spanning the entire north-south extent of the geographic range, covering more than 2,500 km and 21 degrees of latitude. The overall breeding season of populations is relatively short in Oregon (428N) and California (378N), but in Baja California (248N) it encompasses half a year. Mean litter size decreases significantly from north to south, from 9.3 (SD ¼ 1.8) per litter in Oregon to 5.9 (SD ¼ 1.5) in Baja California. Major shifts in seasonality of precipitation and ecosystem composition and diversity are associated with longer breeding season and lower litter size at the southern geographic extreme of A. leucurus. The environmental predictability for the northern populations is due to ''constancy,'' whereas the predictability at the southern extreme is due to ''contingency.'' The observed latitudinal reproductive patterns represent local responses of populations to environmental conditions and the related characteristics of North America's major desert ecosystems.
Biological variation over geographic space and time results, both proximately and ultimately, from patterns of environmental variation that include spatial clines and temporal cycles. These kinds of physical environmental variation can shape the expression of variable biological traits that determine the life history of populations over the geographic range of a species. Because of the tight coupling of reproductive traits to fitness, comparisons of the timing and incidence of reproduction over latitudinal geographic space have been of considerable interest to both ecologists and evolutionary biologists. Darwin (1859) observed that phenotypic variation often coincides with geographic distance, and Mayr (1956) suggested that ecogeographic variation has an adaptive basis and may represent a response to clinal variation in environmental conditions. In terms of contemporary evolutionary ecology, the study of reproduction over a gradient of latitude represents an opportunity to evaluate the interplay between flexibility of local phenotypes and the evolution of genotypic adaptation across the range of a species.
The relationships among latitude, length of the breeding season, litter (or clutch) size, and lifetime reproductive success have received wide attention in the literature. Lord (1960) called attention to interspecific patterns of increasing litter size with increasing latitude in North American mammals; he explained larger litters in more northern species as a response to higher winter mortality at higher latitude. Spencer and Steinhoff (1968) provided an alternative explanation, that the shorter breeding seasons at higher latitudes, accompanied by reduction in potential longevity, promote natural selection for larger litter size. The argument of Spencer and Steinhoff (1968) follows from Williams' (1966) refinement of Lack's (1954) principle (based on observation of larger clutch size in birds at higher latitude) that a trade-off between energy allocation to present versus future reproductive value leads to reproductive investments that maximize lifetime reproduction. An additional consideration in analyzing reproductive output is the roles of predictability, constancy, and contingency of environmental conditions and resources that influence the timing of breeding seasons (Colwell 1974) . We are interested here in the special problem of trade-offs between adaptation (adjustments to the range of phenotypic flexibility) and phenotypic flexibility per se within the response range of a fixed genotype that come into conflict across large amounts of geographic space, over which gene flow may be reduced or even halted at some point.
Seasonal breeding results from a process of matching lifehistory traits and physiological mechanisms to prevailing environmental characteristics. In desert ecosystems, where resources required for reproduction are both sparse and ephemeral, this matching process involves strategies that promote survival under extreme and unpredictable conditions. The threshold for availability of sufficient energy, nutrients, and water to allow breeding is reached during a breeding season of limited duration. The relationship between a seasonal pulse of precipitation, the resulting germination of annual plants and proliferation of perennials, and the breeding of desert rodents has been well documented in North American deserts (Beatley 1969; Kenagy and Bartholomew 1985; Reichman and van de Graaff 1975; Reynolds and Turkowski 1972) . In the Great Basin and Mojave deserts the precipitation pulse occurs in winter, associated with Pacific storms, and in the Sonoran Desert it arrives in summer, with Mexican Gulf storms. Within any single desert system, phylogenetic diversity and associated life-history variation of desert rodent species also are associated with differences in the timing and incidence of breeding (Kenagy and Bartholomew 1985) . Like other small vertebrate animals, desert rodents show early stages of physiological preparation for reproduction in response to predictive cues such as the seasonal change in day length, or even an associated endogenous rhythm, but the final activation of reproductive function clearly results from a direct response to a favorable supply of food and water (Wingfield and Kenagy 1991) .
The enormous north-south extent (2,500 km and 21 degrees of latitude) of the geographic range of antelope ground squirrels, Ammospermophilus leucurus, presents an opportunity to examine a family of hypotheses and questions that concern proximate local flexibility against a background of known genetic structure (Whorley et al. 2004) . We explore here the application of these questions to patterns of reproduction, 1st by characterizing reproduction in a population at the northern extreme of the range, in the Alvord Desert of southeastern Oregon, which lies in the northern Great Basin Desert, in the intermountain region characterized by shrubsteppe and shadscale plant communities (West and Young 2000) . We then evaluate our new data together with available data on patterns of reproduction, as well as the nature of environmental seasonality, from previously published studies from the northern Mojave Desert (Kenagy and Bartholomew 1985) and the southern extreme of the Sonoran Desert (Kenagy et al. 2005) . Our overall analysis is thus based on a transect from Oregon to the cape region of the Baja California Peninsula. A. leucurus is the most widely distributed desertinhabiting sciurid of North America (Á lvarez-Castañeda and Patton 1999; Hall 1981) and spans the full latitude of the entire group of North American deserts (Fig. 1 ).
MATERIALS AND METHODS
Sampling.-We collected animals from Harney County, Oregon, in spring of 2004 and 2005, along the Fields-Denio Road, from 0.5 to 14 km south of Fields. We used Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida) and euthanized animals shortly after capture, preserving them on dry ice for laboratory autopsy. Our live-animal procedures were performed in a humane manner, following guidelines of the American Society of Mammalogists (Gannon et al. 2007) (after MacMahon and Wagner 1985) . The geographic range of the antelope ground squirrel, Ammospermophilus leucurus, extends across 3 of these deserts, from the northern extreme of the Great Basin, through the Mojave Desert, and through the Sonoran Desert to the southern tip of the Baja California Peninsula; the species is absent from the Chihuahuan Desert. mass of these accessory reproductive tissues to the peak values reported by Kenagy and Bartholomew (1985) to determine onset of fertility.
We examined females externally, dissected the reproductive tract, and examined ovaries macroscopically for the presence of enlarged follicles. We determined litter size in 2 ways, both involving in utero counts: usually by counting embryos or in a few cases by counting recent, discrete uterine scars of sufficiently uniform size and quality to indicate that development had continued to parturition. We determined the occurrence of lactation from the simultaneous enlargement of nipples and presence of active mammary tissue. To compare the litter-size data from Oregon with 2 other localities, also involving the same methods of in utero counting, in California and Baja California (see ''Environmental data,'' below, for details), we tested for significant differences by analysis of variance and corrected for multiple comparisons via Tukey's honestly significant difference.
In order to estimate age and to project a date of birth for embryos, we measured the diameter of uterine swellings (embryos implanted within the uterine tract) and, if development had proceeded sufficiently, the crown-rump length and mass of embryos to obtain an average for each pregnancy. We used the growth curve reported by Kenagy and Bartholomew (1985) to estimate the age of embryos and then projected the date of parturition for each litter. We use the values obtained by Pengelley (1966) for gestation (28 days) and lactation (2 months) in laboratory-raised females to describe each component of the breeding season and to estimate its overall timing.
Environmental data.-Records of monthly and annual precipitation were obtained from National Oceanic and Atmopheric Aadministration's National Climate Data Center (NCDC) Web site (NCDC 2006) . To represent the long-term (normal) precipitation profile for the Oregon study site, we used 52 available years of monthly data from 1952 to 2005 from 2 comparable weather stations that are only 32 km apart on the Fields-Denio Road: Fields, Harney County, Oregon, and Denio, Humboldt County, Nevada. Because only 11 complete years of data were available for Fields, we substituted the additional 41 years from Denio. To represent monthly precipitation during the 2 years of the present study, we used exclusively the data from Denio for sake of uniformity, because 8 months of data were missing from the records of Fields.
Using the predictability analysis of Colwell (1974) we compared the precipitation data from Oregon (428149N, 1188389W) with the localities in California (378119N, 1188149W- Kenagy and Bartholomew 1985) and Baja California Sur, Mexico (248089N, 1108349W- Kenagy et al. 2005) . This treatment allowed us to assess the breeding response of A. leucurus to local environment at 3 positions over a large latitudinal gradient.
RESULTS
Normal monthly levels of precipitation range from about 15 to 25 mm throughout autumn, winter, and spring in the Alvord Desert of southeastern Oregon (Table 1 ). This wet season is followed, in July and August, by a consistent summer drought. This pattern of precipitation drives the germination and proliferation of plants that support desert rodent reproduction. During the 2004 and 2005 breeding seasons of antelope ground squirrels, the Alvord Desert received somewhat below-normal precipitation in the 1st year (74%) and slightly above-normal in the 2nd year (112%). Despite these differences, rainfall sufficed during the critical winter-spring period (December through June) to promote reproduction by ground squirrels in both years.
In 2004 we confirmed that males were fertile in the 2nd week of March. Of 8 males examined, all had seminal vesicles and epididymides of maximal size, indicating fertility. At this time none of the 6 females examined was pregnant. However, the ovaries of all 6 had enlarged superficial follicles, and vulvas ranged from slightly open to moderately swollen, thus all indicating onset of estrus.
For 2004 and 2005 combined, more than 60% of births (n ¼ 31) occurred in the middle 2 weeks of April (Fig. 2) . Parturition dates ranged over slightly more than a month, from 27 March to 3 May, with an average date of 17 April 17 (SD ¼ 10). Projecting back from these parturition dates, most of the mating occurred in March, with an average copulation date of 21 March. Based on a lactation period of 8 weeks (2 months) for an individual female, the season of lactation for the population spanned just over 3 months, from the last days of March through the 1st days of July.
Incidence of breeding by females in the population was high. Of the 37 females captured in 2 years, 31 (84%) were producing young, consisting of 15 in 2004 and 16 in 2005 . Five of the 6 remaining females that were neither pregnant nor lactating when captured showed signs of apparent estrus. Thus, essentially all females in the population are capable of breeding each year. In conclusion, both the synchrony and incidence of breeding by female A. leucurus are high in the Alvord Desert.
Average litter size did not differ between the 2 years of study (P ¼ 0.17, 2-sample t-test). For the 31 cases documented, mean litter size was 9.3 (SD ¼ 1.8), with a range of 6-14. Partial litter resorptions were occurring in 6 cases, 3 each year, with the following reductions: from 12 to 11 (2 cases), from 10 to 8 (2 cases), and from 9 to 8 (2 cases). The resorbing embryos were not counted in the determination of litter size.
DISCUSSION
The Oregon population of A. leucurus lies in the Great Basin Desert ecosystem, at the northern extreme of the geographic range of the species. It is the endpoint of a latitudinal cline of 2 other populations, in California and Baja California, which we compare here. The Oregon population shows a single, relatively brief breeding season in early spring associated with the winter and early spring precipitation typical of the Great Basin. The breeding season further south, in the Mojave Desert, overlaps that of the Great Basin but is shorter (Fig. 3) . The germination of desert annual plants, vegetative growth of perennials, and further elaboration of the food chain, in response to winter precipitation, support breeding of A. leucurus as for other rodents associated with these deserts (Beatley 1969) . Summer drought delimits the end of this critical winter-spring period of favorable environmental conditions in the northern populations. In the southern Baja California Peninsula, by contrast, the schedule of breeding is extended markedly (Fig. 3) . This environment is characterized by a broad and bimodal season of precipitation that is associated with a subtropical monsoonal climate and a more diverse and complex biotic community. We explore here the relationships between ecosystem characteristics and the breeding of A. leucurus over its full latitudinal range. The demands for energy, nutrients, and water during reproduction are extremely high for small rodents that bear a large number of young. The energy demands of late lactation can amount to the greatest for a female at any time in her life, because she is supporting a mass of growing young that exceeds her own body mass (Kenagy and Bartholomew 1985; Kenagy et al. 1990) .
The relatively shorter intervals of pregnancy and lactation for populations at the northern localities, in the Great Basin and Mojave deserts (Fig. 3) , involve a high incidence of pregnancy within the populations. Virtually all females breed, and individuals are synchronized to within only a few weeks of one another. By contrast, females in the Baja California population demonstrate a low incidence of breeding at any time. Over the prolonged period of essentially half of the year, from April through September, females can be found in any stage of reproduction from implantation of embryos to the final stages of weaning young. Thus, the combination of low incidence of breeding and a prolonged reproductive season in females in Baja California amounts to a pattern of reduced precision and synchrony.
The antelope ground squirrel is an omnivore and consumes green plant food, seeds, arthropods, and even vertebrate flesh throughout the year (Bradley 1968; Grinnell and Dixon 1919) . The ecological flexibility that accompanies omnivory should suit A. leucurus for survival over the range of spatial and temporal variability and biotic diversity of food resources that is found across the North American desert ecosystems. However, it is the increase in quality and quantity of food that becomes available after major precipitation pulses that appears to promote successful breeding by these ground squirrels. To understand the nature of the breeding response of A. leucurus over its geographic range, we analyzed seasonality and predictability of precipitation at our 3 study sites (Fig. 4) . With average total annual precipitation of only 164 mm (Oregon), 142 mm (California), and 182 mm (Baja California Sur), all 3 areas share values typical of extreme desert aridity. However, the patterns of timing and seasonality differ in important ways among the 3 sites. The 2 northern sites show sustained precipitation in winter, which continues more strongly throughout the spring in Oregon but is truncated earlier in California by summer drought and increased heat. In both of the more northerly environments precipitation is distributed unimodally and generates a single major trophic pulse of winter and springtime biotic production. The temporal distribution of precipitation in Baja California Sur differs sharply from this and is bimodal, showing an initial, high-amplitude pulse in July-September and a secondary, lower pulse in NovemberJanuary (Fig. 4) . The heavier pulse of rain in Baja California is associated with late summer monsoonal storms and results in 2 monthly precipitation totals (August and September) that are more than twice as great as those of any month at the other sites (Fig. 4) .
To evaluate predictability of precipitation statistically we used the approach of Colwell (1974) , which partitions predictability into 2 additive components: ''contingency'' (predictability associated with an expected level of precipitation for any particular month) and ''constancy'' (predictability due to consistency of precipitation across all months). All 3 sites displayed significant predictability, but the proportions of predictability due to contingency (M/P) and predictability due to constancy (C/P) differed among them (Table 2 ). In the 2 northern populations, where most of the predictability is due to constancy (C/P), A. leucurus shows regular and precise timing of its breeding season to match the trophic pulse that is initiated by winter rains. The lower evapotranspiration of water in these cooler northern environments assures that a greater effective moisture supply remains in the soil as the reproductive season progresses. The year-to-year reliability of winter precipitation in this environment appears to account for the routine activation of reproductive function in male A. leucurus, which occurs predictably in advance of the actual trophic pulse through the mechanism of an endogenous annual rhythm (Kenagy 1981) . In contrast to the pattern of constancy and unimodality of precipitation, as well as reproduction, in the northern geographic range of A. leucurus, our analysis indicates a different situation in the Baja California Peninsula, where predictability is mainly determined by contingency. The bimodality of annual precipitation in the southern Baja California Peninsula contributes to the weaker consistency of environmental conditions in this region (Table 2) . Thus, our observations of prolongation of breeding season, weak synchronicity among females, and low incidence of breeding among females ( Fig. 3 ; Kenagy et al. 2005 ) correspond with the divergence and greater variability of the climate of the Baja Peninsula. The lack of a single, major, potentially synchronizing pulse of precipitation in the south simply means that reproductive efforts are more likely to be spread over a greater number of months. The prolongation of the season among females in the Baja California population also may be associated with the ability of individual females to respond to the local variation in resources within their home range.
Patterns of precipitation, plant density and structure, and phylogenetic diversity have been characterized for North American deserts by several authors. MacMahon and Wagner (1985) showed that percentage of annual rainfall that occurs in winter decreases from north to south across the major desert   FIG. 4 .-Long-term (''normal'') monthly precipitation at 3 localities spanning the North American desert systems compared here (cf. Fig.  3 ; Table 2 .) TABLE 2.-Predictability of precipitation at 3 localities, analyzed by the method of Colwell (1974) and expressed in components of predictability (P), constancy (C), and contingency (M). The localities represent, respectively, 3 different North American desert systems ( Fig. 1 Kenagy and Bartholomew (1985) . c Kenagy et al. (2005) .
* P , 0.001.
ecosystems (Fig. 1) . Thus, as observed in our comparison (Fig. 4) , the southern Baja California Peninsula is no longer a ''winter rainfall desert. '' MacMahon and Wagner (1985) also demonstrate that percentage plant cover in the Mojave Desert and northern Baja California Peninsula is low, generally less than 15%, but rises to 30-45%, and even higher in some local areas, in the southern peninsula. They also show, in terms of species isopleths, that woody tree diversity in the Sonoran Desert increases from 5-10 species in the northern peninsula to 20-30 species in the south. These patterns are indicative of a standing crop or biomass of plant materials in the southern peninsula that far exceeds that of any of the desert systems to the north. Leon de la Luz et al. (1996) describe in detail the great phylogenetic diversity and phenology of the plant communities of the southern Baja California Peninsula. The seasonal patterns of growth and reproduction of this highly diverse flora do not show a unified seasonality, but rather a diverse and prolonged array of temporal patterns. The basis of this seasonality amounts to diverse strategies of water storage and use, including belowground and aboveground (e.g., cacti and euphorbs) storage of water. Because of these temporal patterns and the greater biomass in the southern Baja Peninsula, we conclude that the food and water supply of A. leucurus is broadly served by the distinctive characteristics of this ecosystem in a manner that is consistent with the much longer, although less intense breeding season of the ground squirrels in this environment (Fig. 3) . The more dependable nature of biologically relevant precipitation in the northern range of A. leucurus, consisting of the simplicity of unimodality together with Colwell's (1974) stronger measures of constancy, might explain the tight coupling of the reproductive cycles of the northern populations to their food and water resource base. Seasonality in general, as well as the availability and predictability of food and water, should influence the number of young produced by a female on each breeding occasion during her life. Comparison of litter size at all 3 sites reveals significant variation with latitude over the full north-south range of A. leucurus (Table 3 ). The number of pups per litter increases with greater latitude; females produce about 9 pups in the highly seasonal, northern environment in Oregon and about 6 pups in the subtropical desert at the southern end of the range. Average litter size differs statistically among all 3 sites, although not significantly between California and Baja California Sur. The lack of significance for the Baja California population compared to California may reflect our small sample size from Baja California and resulting lower statistical power.
Our observation of litter size variation with latitude in A. leucurus is consistent with the recognized pattern of increase in litter size of mammals (Lord 1960) and in clutch size of birds (Lack 1954) with increasing latitude. The number of litters or clutches produced by a female annually adds to the complexity of litter size or clutch size for each breeding bout. In general these patterns derive from the greater amplitude of environmental seasonality and potentially shorter breeding seasons encountered as one moves away from the equator. Spencer and Steinhoff (1968) have argued, in light of Williams' (1966) reasoning, that shorter breeding seasons at higher latitude give rise to reduced longevity and thus that natural selection acts to increase litter or clutch size at each reproductive event. Williams (1966) has articulated the evolutionary response as a trade-off between energy allocation to immediate production of more young versus extension of the investment over a longer lifetime of less young produced per event. In terms of our ecological interpretation of the contrast between the sharper and more intense breeding of northern populations of A. leucurus and the less intense breeding in the southern Baja Peninsula, we can offer an additional ecological hypothesis for the latitudinal litter size cline of A. leucurus; we suggest that A. leucurus in Oregon is able to produce more young in association with the more synchronous and intense pulse of food and water resources that occurs in Oregon. We also point out earlier in our discussion that the prolonged and less synchronous breeding season of A. leucurus in southern Baja California may result from the higher biomass (MacMahon and Wagner 1985) and greater phylogenetic diversity (Leon de la Luz et al. 1996) of the flora, despite the less pronounced seasonality of this southern desert system. Lord's (1960) initial assessment of latitudinal litter-size patterns within genera of the squirrel family (Sciuridae) revealed increases in litter size with latitude for ''tree squirrels'' (Sciurus, Tamiasciurus, and Glaucomys) and chipmunks (Tamias) but not ''ground squirrels'' (Spermophilus and Ammospermophilus), although this lack of confirmation is likely due to low sample size and lack of robustness of available data. In the meantime, at the intraspecific level, examination of both our data for A. leucurus (Table 3 ) and those of Chapman and Lind (1973) demonstrates significant positive relationships between litter size and latitude in ground squirrels.
Across the observed interpopulation gradient in litter size and in timing and incidence of reproduction, antelope ground squirrels also show a significant pattern of genetic variation. Evidence from 2 neutral, mitochondrial DNA markers (the control region and cytochrome-b) demonstrates that the 2 northern populations of A. leucurus in our study share widespread, similar haplotypes, suggesting that they are closely related and recently expanded from a common ancestor (Whorley et al. 2004) . The southern population, on the other hand, is characterized by a diverse and highly divergent set of haplotypes, indicating a more distant relationship to Kenagy and Bartholomew (1985) . d Kenagy et al. (2005) .
northern populations. In light of this significant genetic distance, concomitant differences in litter size and breeding patterns are perhaps not surprising. Closely related populations should share more traits in common than should more distantly related populations. The biogeographic mechanism responsible for the latitudinal variation of populations of A. leucurus over the entire north-south range of the species has not been identified.
RESUMEN
Gradaciones de variación biológica se han desarrollado latitudinalmente, en asociación á la variación en condiciones del ambiente físico. Esto significa que la cohesión genotípica de una especie con amplio rango geográfico de norte a sur puede entrar en conflicto con el gradiente existente de condiciones ambientales. En este trabajo presentamos nuevos datos de la estacionalidad reproductiva y del tamaño de camada de una población de juancitos, Ammospermophilus leucurus, en el límite geográfico norte de la especie. Además analizamos los patrones generales en 3 sitios que representan el rango geográfico completo, de norte a sur, y que cubren más de 2,500 km y 21 grados de latitud. La gestación y la lactancia de una hembra duran casi 3 meses, y los individuos se reproducen solo una vez al año. La estación reproductiva entera de las poblaciones en Oregon (428N) y en California (378N) es relativamente corta, pero en el sur de la península de Baja California (248N) la estación reproductiva se extiende por más de la mitad del año. El promedio del tamaño de camada disminuye significativamente de norte a sur, desde 9.3 vástagos (SD ¼ 1.8) por camada en Oregon hasta 5.9 (SD ¼ 1.5) en Baja California. La estación reproductiva más prolongada y el tamaño de camada mas pequeña al extremo sur de la distribución geográfica de A. leucurus están asociados a los grandes cambios en estacionalidad ambiental, la diversidad biótica, y la composición del ecosistema en Baja California Sur. El patrón unimodal de precipitaciones de inviernoprimavera en los desiertos del ''Great Basin'' y del ''Mojave'' da paso a un patrón bimodal de precipitaciones de verano monzonales en el sur de Baja California. La biomasa sobre el nivel del suelo y la diversidad de arbustos leñosos, árboles, cáctos, y plantas suculentas son más altas en el sur de la península de Baja California que en las comunidades más sencillas de arbustos de estepa que se encuentran en los desiertos de Mojave y de Great Basin. La predicibilidad ambiental para las poblaciones norteñas (sensu Colwell 1974) es debida a la ''constancia,'' asociada con la unimodalidad, mientras que la predicibilidad al extremo sur es debida a la ''contingencia,'' que surge de los efectos acumulativos de los meses consecutivos de precipitaciones bajo un fondo más complejo de estacionalidad bimodal en la precipitación. Las gradaciones latitudinales observadas en los patrones reproductivos de los juancitos representan respuestas locales de las poblaciones a las condiciones ambientales asociadas con las gradaciones latitudinales y a las características asociadas a los principales ecosistemas desérticos de América del Norte.
